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Abstract
Vacuolar proton pumping pyrophosphatase (H-PPase; EC 3.6.1.1) plays a central role in the electrogenic translocation of
protons from cytosol to the vacuole lumen at the expense of PPi hydrolysis. A fluorescent probe, fluorescein 5P-
isothiocyanate (FITC), was used to modify a lysine residue of vacuolar H-PPase. The enzymatic activity and its associated
H translocation of vacuolar H-PPase were markedly decreased by FITC in a concentration-dependent manner. The
inhibition of enzymatic activity followed pseudo-first-order rate kinetics. A double-logarithmic plot of the apparent reaction
rate constant against FITC concentration yielded a straight line with a slope of 0.89, suggesting that the alteration of a single
lysine residue on the enzyme is sufficient to inhibit vacuolar H-PPase. Changes in Km but not Vmax values of vacuolar H-
PPase as inhibited by FITC were obtained, indicating that the labeling caused a modification in affinity of the enzyme to its
substrate. FITC inhibition of vacuolar H-PPase could be protected by its physiological substrate, Mg2-PPi. These results
indicate that FITC might specifically compete with the substrate at the active site and the FITC-labeled lysine residue locates
probably in or near the catalytic domain of the enzyme. The enhancement of fluorescence intensity and the blue shift of the
emission maximum of FITC after modification of vacuolar H-PPase suggest that the FITC-labeled lysine residue is located
in a relatively hydrophobic region. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
Tonoplast membranes of plant cells contain two
parallel H pumps, a vacuolar H-ATPase (EC
3.6.1.3) and a vacuolar H-pyrophosphatase (PPase;
EC 3.6.1.1), using ATP and pyrophosphate as energy
sources, respectively [1,2]. Both proton pumping sys-
tems catalyze electrogenic H translocation from the
cytosol to the vacuole lumen to generate an inside-
acidic and inside-positive membrane potential for the
secondary transport of various ions and metabolites
[1^4]. Vacuolar H-ATPase is a ubiquitous proton
pump in all eukaryotes; its structure and physiolog-
ical function have been subjected to many extensive
studies [1]. Vacuolar H-PPase, on the other hand, is
found primarily in higher plants and was recently
recognized as a new type of ion translocator exclu-
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sively at the expense of PPi [2,3,5]. Vacuolar H-
PPase has been puri¢ed to a homodimeric form
from various sources and the molecular mass of its
subunit was measured as approximately 75 kDa [6^
9]. The cDNA sequence and its deduced amino acid
sequence of vacuolar H-PPase from numerous spe-
cies have been determined, indicating that vacuolar
H-PPase is a translocase distinct from other proton
pumping enzymes [10^14].
The identi¢cation of essential amino acid residues
of vacuolar H-PPase could elucidate the structure
and reaction mechanism of this enzyme. Our pre-
vious work has demonstrated that vacuolar H-
PPase of mung bean contains arginyl, tyrosine and
carboxylate residues essential to the enzymatic activ-
ity [8,15,16]. Furthermore, a cytosolically oriented
and substrate-protectable cysteine residue conferring
inhibition of N-ethylmaleimide was also determined
[17,18]. In spite of these e¡orts, detailed information
on other essential amino acid residues involved in the
catalytic activity of vacuolar H-PPase is still re-
quired to determine the topological structure of
vacuolar H-PPase. Fluorescein 5P-isothiocyanate
(FITC) is a group-speci¢c modi¢er to identify essen-
tial lysine residues in many enzymes [19,20]. In this
study, we show that modi¢cation of a lysine residue
in vacuolar H-PPase by FITC could inhibit its en-
zymatic and proton translocation reactions. Kinetic
analysis and protection studies further indicate that
the FITC-modi¢ed lysine may locate at or near the
active site of vacuolar H-PPase. Spectroscopic
properties of FITC at the labeled site suggest that
the active domain of vacuolar H-PPase might be
embedded in a relatively hydrophobic region.
2. Materials and methods
2.1. Plant materials and chemicals
Etiolated hypocotyl tissues of 4-day-old mung
bean (Vigna radiata L.) seedlings were excised,
chilled on ice and then used as starting plant materi-
als. FITC was purchased from Sigma, and PPi from
Merck. All other chemicals were of analytical grade
and were used without further puri¢cation.
2.2. Preparation of tonoplast and puri¢ed vacuolar
H+-PPase
Tonoplast vesicles and puri¢ed vacuolar H-PPase
were prepared from etiolated hypocotyls according
to methods modi¢ed from Maeshima and Yoshida
[7] and Britten et al. [21] as previously described
[8,16].
2.3. Measurements of enzymatic activity, proton
translocation and protein concentrations
PPase activities were determined by measuring the
release of Pi from PPi. Aliquots of membrane protein
(16^20 Wg) or puri¢ed PPase (2^5 Wg) were assayed in
a 1.0 ml reaction medium (25 mM MOPS/KOH (pH
7.2), 1 mM MgSO4, 1 mM K4PPi, 50 mM KCl, 80
Wg/ml phosphatidylcholine, and 0.02% (w/v) Triton
X-100) at 33‡C for 15 min. After incubation, the
reaction was terminated by adding a stop solution
(1.7% (w/v) ammonium molybdate, 2% (w/v) sodium
dodecyl sulfate, and 0.02% (w/v) 1-amino-2-naph-
thol-4-sulfonic acid). The released Pi was determined
spectrophotometrically (SLM-Aminco U2000) as de-
scribed elsewhere [22,23].
Proton translocation was investigated as £uores-
cence quenching of acridine orange (excitation wave-
length 495 nm, emission wavelength 530 nm). The
reaction mixture contained 5 mM MOPS/KOH (pH
7.5), 0.25 M sorbitol, 50 mM KCl, 0.1 mM sodium
orthovanadate, 0.1 mM ammonium molybdate, 0.5
mM NaN3, 1 mM MgSO4, and 1 mM PPi, 5 WM
acridine orange, and 16^20 Wg/ml membrane protein.
The £uorescence quenching was initiated by adding
substrate. The ionophore, gramicidin (2 Wg/ml), was
added at the end of each assay.
Protein concentration was measured by a modi¢ed
Lowry method [24] with bovine serum albumin as
the standard.
2.4. SDS^PAGE and size exclusion gel ¢ltration
Denatured proteins were subjected to SDS^PAGE
on a Phast System (Pharmacia) with a 12.5% (w/v)
polyacrylamide PhastGel. The gels were then visual-
ized with silver stain. Size exclusion gel ¢ltration
chromatography of vacuolar H-PPase was per-
formed on a HPLC Shodex WS-804 column. Puri¢ed
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H-PPase (12 Wg) was injected through the column
and eluted by a elution bu¡er (50 mM Tris^HCl (pH
7.5), 100 mM K2SO4, 0.05% (w/v) NaN3, and 0.1%
(w/v) Triton X-100) with a £ow rate of 0.75 ml/min
at room temperature. The molecular weight of native
H-PPase was determined using the standard
markers thyroglobulin (669 kDa), apoferritin (443
kDa), L-amylase (200 kDa), alcohol dehydrogenase
(150 kDa), albumin (66 kDa), and carbonic anhy-
drase (29 kDa).
2.5. Modi¢cation and labeling stoichiometry
Chemical modi¢cation of the membrane protein
(50 Wg) and puri¢ed vacuolar H-PPase (5 Wg) was
conducted at 33‡C for the indicated time periods in a
medium containing 50 mM MOPS/KOH (pH 7.5),
20% (v/v) glycerol, 1 mM EGTA, 1 mM dithiothrei-
tol, and FITC at various concentrations. Protection
agents were included in the reaction medium, when
present. After incubation, the reaction mixture was
diluted 20-fold with enzyme assay solution (as men-
tioned above), and the enzymatic activity was deter-
mined immediately. For stoichiometry studies, free
FITC was removed by passing through a Sephadex
G-25 column. The amount of FITC incorporated
was measured from the increase in the absorption
change at 495 nm using an extinction coe⁄cient of
80 000 M31 cm31 [19,20].
2.6. Kinetic analysis
Values of Km and Vmax were obtained from con-
ventional Lineweaver^Burk plots. The t1=2 values, the
time required for 50% inhibition of activity, at vari-
ous concentrations of inhibitor were measured ac-
cording to semi-logarithmic plots of percent residual
activity versus time as previously described [14]. The
reaction order (n) with respect to modi¢er was deter-
mined from double-logarithmic plots of the apparent
rate constant, kobs, versus the concentrations of in-
hibitor as follows [25]:
log kobs  log k1  n log FITC 1
where kobs is the apparent reaction rate constant; k1
is the second-order rate constant; and [FITC] is the
concentration of FITC.
2.7. Biological spectroscopic measurements
Absorption spectra of FITC-labeled protein were
determined in a medium containing 50 mM Tris^HCl
(pH 7.2) and 1 mM MgCl2 at room temperature. The
extrinsic £uorescence of FITC-labeled PPase was car-
Fig. 1. SDS^PAGE pattern and size exclusion gel ¢ltration chromatography of puri¢ed vacuolar H-PPase. (A) SDS^PAGE pattern.
Lane 1, standard markers with molecular masses indicated on the left ; lane 2, puri¢ed vacuolar H-PPase. (B) Size exclusion gel ¢l-
tration chromatography. The molecular weight of native PPase was determined using the standard markers thyroglobulin (669 kDa),
apoferritin (443 kDa), L-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), and carbonic anhydrase (29 kDa).
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ried out with a F-4000 £uorophotometer at an exci-
tation wavelength of 495 nm in a medium containing
50 mM MOPS/KOH (pH 7.2) and 1 mM MgCl2.
3. Results and discussion
3.1. Inactivation of PPase by FITC
The purity of vacuolar H-PPase was ¢rst exam-
ined for this study. Vacuolar H-PPase was solubi-
lized from tonoplast of mung bean (V. radiata L.)
and followed by puri¢cation on subsequent chroma-
tographies [8,16,26]. The speci¢c activity of routinely
puri¢ed vacuolar H-PPase was approximately 240
Wmol PPi consumed/mg protein/h, as at least 20-fold
puri¢cation from the membrane vesicles (cf.
[8,16,26,27]). SDS^PAGE analysis of puri¢ed H-
PPase revealed only one polypeptide with an appar-
ent molecular mass of 73 kDa (Fig. 1A) and ex-
cluded possible contamination. Size exclusion gel ¢l-
tration chromatography yielded a molecular mass of
approximately 150 kDa for the native vacuolar H-
PPase (Fig. 1B), implying a homodimeric form of the
enzyme. Radiation inactivation analysis, giving a
similar functional mass (data not shown), con¢rmed
the dimeric complex of vacuolar H-PPase (cf.
[6,8,9,28^31]). This molecular mass of vacuolar H-
PPase was later used to determine the stoichiometry
of labeling (see below). We are thus convinced that
our preparations are suitable for the following stud-
ies.
FITC, a lysine-speci¢c modi¢er, markedly inhib-
ited PPi hydrolytic activities of vacuolar membrane
vesicles and puri¢ed H-PPase in a concentration-
dependent manner (Fig. 2). The half-maximal inhibi-
tion by FITC occurs at concentrations (I50) of 1.5
and 0.5 mM for membrane-bound and puri¢ed H-
PPases, respectively. In addition, FITC also de-
creased the PPi-mediated H translocation across
the vacuolar membrane as measured with the £uo-
rescence probe acridine orange (Fig. 3). As the con-
centration of FITC increased, the degree of £uores-
cence quenching gradually diminished, implying
possible involvement of lysine residues in PPase ac-
tivity as well as its associated H translocation. The
I50 value for H translocation is 0.45 mM, smaller
than PPi hydrolysis activities of membrane-bound
and puri¢ed H-PPases. The higher sensitivity of
the PPase-associated H translocation indicates
that PPi hydrolysis is probably correlated but not
directly linked to H pumping, and the reaction of
H translocation is more vulnerable to attack by
FITC.
3.2. Kinetics analysis
Inhibition of vacuolar H-PPase by FITC follows
a simple and time-dependent kinetics. Fig. 4A depicts
a pseudo-¢rst-order inhibition of vacuolar H-PPase
by FITC. The apparent rate constant of inhibition
(kobs) was determined from a plot of (ln 2)/t1=2 under
given concentrations of modi¢er, where t1=2 is the
incubation time required to reduce the activity to
50% of the control. A double-logarithmic plot of
kobs versus FITC concentration gives a straight line
with a slope, the reaction order (n), of 0.89 (Fig. 4B).
This result indicates that modi¢cation of at least one
lysine residue on the enzyme by FITC su⁄ces to
inhibit vacuolar H-PPase.
Fig. 2. Inactivation of vacuolar H-PPase activity as a function
of the concentration of FITC. Membrane vesicles (50 Wg) and
puri¢ed vacuolar H-PPase (5 Wg) were incubated at 33‡C for
10 min in 50 mM MOPS/KOH bu¡er (pH 7.5) with various
concentrations of FITC. After incubation, aliquots were re-
moved and assayed for PPase activities. The assay medium for
pyrophosphate hydrolysis of tonoplast vesicles (a) contained 25
mM MOPS/KOH (pH 7.2), 1 mM MgSO4, 50 mM KCl, 1 mM
potassium pyrophosphate. The reaction solution for enzymatic
activity of the puri¢ed PPase (b) included 25 mM MOPS/KOH
(pH 7.2), 1 mM MgSO4, 50 mM KCl, 1 mM potassium pyro-
phosphate, 80 Wg/ml phosphatidylcholine, and 0.02% (w/v) Tri-
ton X-100. The control activities were 13.8 and 217.6 Wmol PPi
consumed/mg protein/h for membrane-bound and puri¢ed
PPases, respectively.
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A conventional Lineweaver^Burk plot of vacuolar
H-PPase yields a Km value of 0.32 mM and a Vmax
value of 298.9 Wmol PPi consumed/mg protein/h for
Mg2-PPi (Fig. 5). However, in the presence of 0.5
mM FITC, Vmax was unchanged, whereas Km in-
creased to 0.65 mM. The mode of inhibition suggests
that modi¢cation of the lysine residue by FITC prob-
ably induces a conformational change of the active
Fig. 4. Kinetics of inactivation of puri¢ed vacuolar H-PPase by FITC. (A) Time course of inactivation of puri¢ed H-PPase at vari-
ous concentrations of FITC at 33‡C. Treatment and assay conditions were as described in Fig. 2. a, 0.1 mM; b, 0.3 mM; O, 0.5
mM; F, 1.0 mM; and E, 3.0 mM FITC. (B) Determination of reaction order. Reaction order with respect to FITC was calculated as
described in Section 2.
Fig. 3. Inactivation of PPi-supported H translocation by FITC. Tonoplast vesicles (75 Wg) were incubated with various concentra-
tions of FITC as described in Fig. 2. The reaction medium (3 ml) for £uorescence quenching contained 5 mM MOPS/KOH (pH 7.5),
250 mM sorbitol, 1 mM MgSO4, 50 mM KCl, 1 mM potassium pyrophosphate, 5 WM acridine orange, and 25 Wg/ml membrane pro-
tein. The reaction was initiated by adding 1 mM PPi. Excitation wavelength was 495 nm, while emission wavelength was 530 nm.
2 Wg/ml of gramicidin was added to stop the £uorescence quenching. (A) Reaction trace of £uorescence quenching under various con-
centrations of FITC. (B) Initial rates of £uorescence quenching in the ¢rst minute versus the concentrations of FITC.
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domain, resulting in the alteration of its substrate
a⁄nity. Kinetic analysis indicates that FITC may
attack an identical lysine residue as physiological
substrate PPi does, and the modi¢ed lysine residue
is probably located at or near the active site.
3.3. Protection against FITC inactivation
Fig. 6 depicts the protection e¡ect of the physio-
logical substrate of vacuolar H-PPase, Mg2-PPi,
against FITC inhibition. As the concentration of
Mg2-PPi increased, the e⁄cacy of substrate protec-
tion was enhanced. The substrate-protectable inhibi-
tion of FITC indicates that the modi¢er could spe-
ci¢cally compete with substrate at the active site,
suggesting again that the labeled lysine residue might
be located at or near the catalytic site of the enzyme.
Furthermore, protection e¡ects of product (inorganic
phosphate) and substrate analogs, such as phospho-
serine, phosphothreonine, p-nitrophenyl phosphate,
and imidodiphosphate, were also examined; the ef-
fects are summarized in Table 1. Substantial protec-
tion (81.0%) was provided by PPi with 5 mM MgSO4
against the inhibition of FITC. However, inorganic
phosphate exhibited almost no protection e¡ect.
ATP, ADP, and AMP, all containing a phosphate
Fig. 6. Protection of PPase activity against inactivation by
FITC. Vacuolar H-PPase (5 Wg) was incubated with various
concentrations of FITC at 33‡C for 10 min. Aliquots were re-
moved and assayed in 1 ml reaction medium for PPase activity.
Reaction conditions were as described in Fig. 2. Concentrations
of protector (Mg2-PPi) during incubation with FITC were: b,
0 mM; O, 1.5 mM; F, 5 mM; a, control (without FITC and
protector).
Table 1
Protection of PPase activity against inactivation by FITCa





K4PPi 226.9(100) 81.0 þ 6.0 2.6 þ 1.3
pNPP 18.4(8.1) 38.6 þ 5.1 3.6 þ 2.4
Pi 1.1 þ 0.6 0.2 þ 0.7
IDP 16.2(7.1) 29.4 þ 7.9 2.9 þ 1.1
PT 10.6(4.7) 16.7 þ 3.5 2.5 þ 1.3
PS 24.2(10.6) 13.3 þ 6.1 1.3 þ 0.8
ATP 12.4(5.5) 22.0 þ 3.4 8.8 þ 1.9
ADP 10.4(4.6) 36.7 þ 6.9 9.9 þ 2.2
AMP 3.0(1.3) 39.5 þ 4.2 13.0 þ 5.7
After incubation, the enzyme was inactivated with 0.5 mM
FITC at 33‡C for 10 min. Conditions for further PPase activity
assay were as described in Section 2. The percentage of pro-
tection was calculated according to the equation:Percentage
protection = [SAprotected3SAunprotected/SAcontrol3SAunprotected,
where SA denotes speci¢c activity. The number in parentheses
is the percentage of activity. pNPP, p-nitrophenyl phosphate;
IDP, imidodiphosphate; PT, phosphothreonine; PS: phospho-
serine.
aPuri¢ed vacuolar H-PPase (5 Wg) was preincubated with
5 mM ligands in the absence (3) or presence (+) of 5 mM
MgSO4 for 10 min at 25‡C.
Fig. 5. Double reciprocal plot of puri¢ed vacuolar H-PPase
treated with FITC. Puri¢ed H-PPase (5 Wg) was incubated in
a reaction solution containing 50 mM MOPS/KOH bu¡er (pH
7.2), and various concentrations of Mg2-PPi at 33‡C for 10
min. The Pi release of control and modi¢ed vacuolar H-PPase
was measured as described in Section 2. a, control; b, 0.5 mM
FITC.
BBABIO 44956 23-11-00
S.J. Yang et al. / Biochimica et Biophysica Acta 1460 (2000) 375^383380
moiety similar to pyrophosphate, exert little protec-
tion against FITC inhibition. Their lower protection
e¡ect is probably due to the huge portion of base
and ribose moieties which obstruct the accessibility
of its phosphate group to the catalytic site of vacu-
olar H-PPase. Furthermore, the presence of Mg2
is crucial for partial protection against FITC. In its
absence, most ligands provide less protection e¡ect.
The protection studies con¢rm that an important
lysine residue conferring FITC inhibition might be
located at or near the active site of PPase.
3.4. Spectral properties of FITC labeled PPase
After the labeling of protein at various concentra-
tions of FITC, free modi¢er was removed by passing
through a Sephadex G-25 column. A characteristic
absorption peak over the wavelength 460^540 nm
appeared in a concentration-dependent manner, in-
dicating the modi¢cation of the lysine residue by
FITC (Fig. 7) (cf. [19,20]). The absorption increased
with concomitant loss of enzymatic activity of vacu-
olar H-PPase (data not shown). The change in
characteristic absorption peak at 495 nm was used
for the stoichiometric studies below. Furthermore, £uorescence spectra of FITC-PPase over the range
of 500^600 nm were investigated (Fig. 8). The £uo-
rescence intensity increased with the increase of
FITC concentration and with a concurrent decrease
in the enzymatic activity of vacuolar H-PPase (Fig.
8, inset). An obvious blue shift of the emission max-
imum of modi¢ed vacuolar H-PPase from 524 nm
to 517 nm was also observed, indicating that the
labeled FITC moiety is probably surrounded by a
relatively more hydrophobic environment.
3.5. Stoichiometry of FITC labeling
The stoichiometry of FITC labeling of H-PPase
was calculated from the absorption change at 490 nm
using an extinction coe⁄cient of 80 000 M31 cm31
[19,20]. The degree of incorporation is in agreement
with the extent of inhibition (Fig. 9). The enzymatic
activity of vacuolar H-PPase was completely inhib-
ited when approximately 1.8 mol FITC/mol PPase or
0.9 mol FITC/mol subunit was incorporated, taking
the molecular mass of puri¢ed vacuolar H-PPase as
145 kDa. Both kinetics and stoichiometry studies
demonstrate that vacuolar H-PPase contains a sub-
Fig. 8. Extrinsic £uorescence spectra of FITC-labeled PPase.
Puri¢ed vacuolar H-PPase (0.3 mg/ml) was treated with vari-
ous concentrations of FITC at 33‡C for 10 min. After treat-
ment, free FITC was removed by passing through a Sephadex
G-25 column. The spectra were measured at an excitation
wavelength of 495 nm at room temperature. Spectra a^e: FITC
concentrations of 0, 0.1, 0.2, 0.5, and 2.0 mM, respectively. (In-
set) Dependence of FITC-PPase £uorescence at 520 nm on en-
zymatic activity.
Fig. 7. Absorption spectra of FITC-labeled PPase. Puri¢ed vac-
uolar H-PPase (0.3 mg/ml) was treated with various concen-
trations of FITC at 33‡C for 10 min. After incubation, free
FITC was removed by passing through a Sephadex G-25 col-
umn. The absorption spectra of the 420^520 nm region were
determined at room temperature. The intensity of absorption at
495 nm was enhanced with increasing FITC concentrations of
0, 0.1, 0.2, 0.5, 1.0, 2.0, and 4.0 mM from the bottom curve
up.
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strate-protectable lysine residue conferring inhibition
of enzymatic activity of vacuolar H-PPase by FITC.
Many reports have shown that H-ATPase con-
tains essential lysine residues, presumably involved in
both catalytic and proton/cation translocating reac-
tions [32^34]. Vacuolar H-PPase is also a proton
pumping enzyme but using exclusively PPi rather
than ATP as energy source. We here demonstrate
that vacuolar H-PPase as well contains an impor-
tant lysine in its active domain. It is possible that the
lysine residue is involved prevailingly in most proton/
cation translocating enzymes and is conserved evolu-
tionarily in all kinds of proton/cation pumping sys-
tems. Furthermore, evidence reveals that FITC-la-
beled essential lysine residues in Na/K-ATPase
and vacuolar H-ATPase are embedded in a rela-
tively more hydrophobic pocket [31,35,36]. Our stud-
ies here indicate that an important lysine of vacuolar
H-PPase is also embraced in a relatively hydropho-
bic environment. This property might be the destiny
of essential lysine residues in proton/cation pumping
ATPases and PPase. Properties of cDNA sequence
and deduced amino acid sequence of vacuolar H-
PPases from Arabidopsis thaliana, Hordeum vulgare,
Beta vulgaris, V. radiata, Nicotiana tabacum, and Or-
yza sativa have been documented [10^14,37]. Vacuo-
lar H-PPase of mung bean contains a total of 35
(4.5%) lysine residues, of which 11 are conserved
cytosolically [13]. However, a tentatively proposed
topology of vacuolar H-PPase (cf. [16]) demon-
strates that among these 11 lysine residues only
Lys-541, facing the cytosolic side, of putative trans-
membrane fragment XII is surrounded by a hydro-
phobic environment. We therefore speculate that
Lys-541 might be the lysine residue involved in the
inhibition of vacuolar H-PPase by FITC. Neverthe-
less, we did not exclude the possibility of other con-
served lysine residues conferring inhibition of vacuo-
lar H-PPase by FITC. Certain amino acids
cytosolically surrounding this lysine residue may
fold into a relatively hydrophobic cage as an active
site. The exact location of the lysine residue labeled
by FITC requires further peptide mapping studies.
Site-directed mutagenesis analysis is also recom-
mended for examining the role of this lysine residue.
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